A study of the effects of macroscopic fractures on P and S wave velocities has been conducted in four wells drilled in granitic rock to depths between 0.6 and 1.2 km. The effect of macroscopic fractures is to decrease both V•, and Vs and increase Vt,/V s. In wells with a relatively low density of macroscopic fractures, the in situ velocity is similar to that of saturated core samples under confining pressure in the laboratory, and there is a clear correlation between zones with macroscopic fractures and anomalously low velocities. In wells with numerous macroscopic fractures, the in situ velocity is lower than that of intact samples under pressure, and there is a correlation between the rate at which in situ velocity increases with depth and the rate at which the velocity of laboratory samples increases with pressure. Differences in in situ P wave velocity between wells cannot be explained solely by differences in the degree of macroscopic fracturing, thus emphasizing the importance of composition and microcracks on velocity. In one highly fractured well the in situ P wave velocity is essentially the same for frequencies ranging from 10 Hz to 20 kHz; this suggests that the macrofractures affect velocity similarly over a broad frequency range. Chemical alteration of rock adjacent to macroscopic fractures appears to play an important role in reducing in situ velocities. Synthetic reflection seismograms generated from the velocity logs suggest that fracture zones are one possible source of deep-crustal reflectors observed on seismic reflection profiles.
INTRODUCTION
The manner in which microcracks affect the velocity of crystalline rock is well known from laboratory measurements. Birch [1960, 1961] showed that in dry crystalline rock, increased confining pressure causes a marked increase in compressional velocity due to the closure of microcracks. Nur and Simmons [1969] equal to or slightly higher than the velocity of saturated laboratory samples at the appropriate pressure. This discrepancy was attributed to the introduction of stress relief microcracks when the core was removed.
The results are much different when numerous macroscopic fractures are present in situ. Stierman and Kovach [1979] observed little systematic increase of velocity with depth in a 700-later showed that in saturated granitic rock the seismic velocity is m-deep well drilled in highly fractured quartz diorite 1.2 km from markedly higher than in dry rocks and the degree to which confining pressure increases velocity is somewhat diminished.
Although it is well known that the presence of macroscopic fractures in an otherwise homogeneous rock can profoundly affect its seismic velocity, few attempts have been made to systematically relate fracture occurrence and seismic velocities in situ. There are two primary reasons for understanding the relationship between seismic velocity and fractures in the crust. Interpretation of geologic units from seismic velocities depends critically on the degree to which fractures affect velocity. Furthermore, because fractures in the crust are of interest for a variety of reasons, seismic velocity can be used as a tool for the study of those fractures.
Comparisons of field data with laboratory measurements demonstrate the importance of understanding the role of in situ fractures in controlling seismic velocity. Simmons and Nur [1968] measured the P wave velocity of granites in a 3-km-deep hole in the Wind River Range of Wyoming and a 3.8-km-deep hole near Troy, Alabama. They found that in situ velocities were uniformly higher than laboratory measurements on dry samples and increased more slowly with pressure. They attributed this difference to the presence of water in the microcracks in situ. In a similar case, Wang and Simmons [1978] found that in situ velocities for gabbroic rock at 5.3-km depth in the Michigan Basin are This paper is not subject to U.S. copyright. Published in 1983 by the American Geophysical Union.
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the San Andreas fault. Furthermore, a sample from the well had a measured P wave velocity of more than 6 km/s in the laboratory, while in situ P wave velocities were less than 4 km/s. This marked difference was attributed to the numerous macroscopic fractures in the well which were not present in the laboratory specimen. Keys [1979] reported lower sonic compressional velocities associated with fracture zones in the Lac du Bonnet batholith in central Canada at depths up to 350 m. In another study, Sjogren et al. [1979] showed that in very shallow (<25 m) boreholes, macroscopic fractures reduced in situ compressional wave velocity and that in igneous and metamorphic rocks there was a good correlation between compressional wave velocities and the number of macroscopic fractures.
In order to understand the factors controlling seismic wave velocities in fractured rock we examine here the relationship between macroscopic fracture (macrofracture) density and P and S wave velocities in four wells drilled in fractured granitic rocks.
By studying in detail the effect of isolated fractures and fracture zones on seismic velocity we have attempted to understand the mechanisms by which fractures affect velocity in situ.. By comparing in situ velocities with measurements made on laboratory samples we have attempted to determine the conditions under which the change of ultrasonic velocity of laboratory samples with pressure adequately explains the change in sonic velocity with depth. Finally, by applying a few simple modeling techniques we examine the conditions under which subsurface fracture zones might be detected by conventional seismic reflection profding. Fractures intersecting the borehole wall were detected using a borehole televiewer (BHTV). A detailed description of the BHTV operation is given by Zemanek et al. [1970] . Seeburger and Zoback [1982] present a detailed analysis of the macrocracks observed in these wells, and the results of their study will only be summarized here. The fractures observed on the BHTV logs probably do not represent the entire fracture population. Because the BHTV detects variations of well bore reflectivity, only those fractures which are held open to some degree, or which are filled with alteration minerals, will be detectable by the BHTV. Fractures that are partly or completely mineralized can be seen because the drilling process causes spalling of the rock near the fracture at the borehole. We use the term 'apparent aperture' when discussing measurements of fracture width because the aperture of the fractures measured from the BHTV log may not be directly related to conditions in the fracture away from the borehole wall. The televiewer can resolve features at the borehole wall with apparent apertures as small as 0.5 mm. The BHTV log provides no information about the distribution of microcracks.
In South Carolina, wells MONT-1 and MONT-2 were drilled to depths of 1100 m and 1203 m, respectively, in small plutons of granitic to granodioritic composition which were intruded into the Charlotte Belt metamorphic rocks of the Piedmont Province (Figure 1 ). Monticello Reservoir is the site of considerable reservoir-induced seismicity [see Talwani et, al., 1980] . Most of the earthquakes in the vicinity of the reservoir are small (M<2) events at extremely shallow depth (< 1-2 km). In situ stress measurements in MONT-1 and MONT-2, the orientation of fractures in the wells, composite focal plane mechanisms, and the magnitudes of the events all suggest that thrust-type motion on fractures similar to many of those observed in the wells is responsible for this seismicity [Zoback and Hickman, 1982] . Figure 3 shows the density of macrofracturing as observed by the BHTV for the wells in this study. The depth to which casing extends in each well is indicated in the figure, and no information on fracture density is available for the cased sections. Fracturing in MONT-1 (Figure 3a ) occurs in many small discrete zones distributed throughout the total depth of the well. In the lower 300- By considering these four wells we can examine sonic velocity under conditions of widely varying fracnre distributions. MONT-1 is sparsely fracnred, and the fracnre density decreases slightly with increasing depth; MONT-2 is more highly fracnred than MONT-1, especially in the upper 280 m and from 450 to 500 m; the fracnring in the XTLR well is uniformly high and decreases slowly with increasing depth; the fracnre density in the Hi Vista well is quite high at shallow depth and in the lower portion of the well. At the depth from which the sample was taken, th• in situ velocity is markedly lower than the velocity measured in the sample.
RESULTS

P Wave Sonic Velocity
A comparison between observed fracture density, in situ P wave velocity, and the velocity measured in the laboratory is summarized in Table 1 a given well, the degree of in situ fracturing cannot be unambiguously estimated from in situ P wave velocity because of the importance of composition and microcracks.
The increase of velocity with pressure in the laboratory samples is related to the increase of velocity with depth in the field. The core from MONT-2 has the lowest increase in velocity with pressure and the smallest increase in velocity with depth in situ. The change in velocity with depth is greatest at XTLR; the core from XTLR also exhibited the largest increase in velocity with pressure. For these three wells the in situ velocity increase is equal to or greater than the increase measured in the laboratory, although at the Hi Vista well the anomalous fracture distribution masks the expected velocity increase.
Vertical Seismic Profile
Because the wavelength of the energy from the sonic tool (20-60 cm) is similar to the spacing of many of the fractures, the frequency at which velocity is measured must be taken into account when sonic logs are analyzed. For example, field measurements of velocity using seismic refraction, reflection, or downhole surveys are made at frequencies that are several orders of magnitude lower than the frequencies of sonic logs. As the spacing of the macrofractures is similar to the sonic wavelength, but many orders of magnitude smaller than the wavelengths used in seismic experiments, the effect of the macrofractures on each measurement may be quite different.
Comparisons of seismic velocities over a wide frequency range are also complicated by the possible effects of dispersion. Recent laboratory measurements [Spencer, 1981; Murphy, 1982] have shown that there can be significant velocity dispersion in the frequency band from 10 Hz to 10 kHz in a wide variety of rocks. Although confining pressure moderates this effect, the change in Young's modulus (E) over this frequency range was about 22% for Oklahoma granite at room conditions [Spencer, 1981] . Although Spencer suggests that this large effect on E was due primarily to stress relaxation in the shear modulus, this effect may still be large enough to affect measurements of P velocity. In order to study the possible effects of frequency due to dispersion and of the finite size of the macrofracture in the rock volume sampled by the sonic wave, a vertical seismic profile (VSP) was run at XTLR using an air gun source. The air gun has a fundamental frequency of about 75 Hz. Interval velocities were calculated by differencing the arrival times to a geophone placed at 30-m intervals in the well (see appendix for further details). By summing the travel times measured by the sonic tool over these intervals, a comparison can be made between the velocity measured by the sonic tool over 30.5-cm intervals and the velocity The field measurements of velocity shown in Figure 8 indicate that dispersion in the range of frequencies from 10 Hz to 20 kHz is less than 10%, which is the combined accuracy of our measurements (see appendix). Interestingly, the velocity measured by the sonic log in XTLR is slightly lower than that measured by the VSP, and this difference cannot be explained by dispersion.
It is difficult to determine whether the discrepancy between the log velocities and the laboratory measurements is in part due to dispersion. However, in both MONT-1 and MONT-2 there is close agreement between log velocities and laboratory measurements. Therefore velocity dispersion over frequencies from 20 kHz to 2 MHz is probably small. However, the presence of many fractures in XTLR and Hi Vista causes large discrepancies between the P wave velocity measured in a 5-cm-long core and the log velocities. Thus it appears that the differences between the in situ data at the sample depth and the laboratory measurements result primarily from the.presence of the macrofractures, and it appears that the effect of fractures on P wave velocities is roughly cause of the high fracture density at XTLR and in the lower portion of Hi Visa it was not possible to record S wave logs. The method used to obtain these logs is described in the appendix. In this discussion we concentrate on changes in the elastic moduli because density changes due to fracturing probably had a negligible effect on P and S wave velocity as (1) the presence of fractures would probably decrease the density of the aggregate, causing the velocity to increase, and (2) the functional dependence of velocity on density is the same for both P and S waves, so the ratio of the velocities will be independent of density.
The Although the alteration and microcrack models are similar, the microcrack model predicts that there is a correlation between macrofracture and microcrack densities. If wells with the highest macrofracture density also had the greatest number of microcracks, one would therefore expect those wells to have the largest increase of velocity with depth. This is not the case, as comparison of the change of velocity with depth in MONT-1 and MONT-2 clearly shows. In fact, as shown in Table 1 , laboratory velocities seem to be more pressure-dependent in samples from wells in which P wave velocity increases significantly with depth (MONT-1 and XTLR). Therefore although microcracks affect velocities both in situ and in the laboratory, there does not seem to be a simple correlation between the degrees of macrofracture and microcrack density in these wells. Thus it is unlikely that enhanced microcracking near the macrofractures alone can adequately explain the observed data.
A surprising result of this study is that it is not possible to simply relate fracture density to P wave velocity or the change in P wave velocity with pressure in granitic rocks. As shown in Table  1 , although MONT-2 is more fractured than MONT-1, it has a higher P wave velocity. The Hi Vista well is fractured similarly to the XTLR well at shallow depth but has a higher P wave velocity. Thus even though the presence of macrofractures has a marked effect on P wave velocity, the effects of composition and microfractures are also very important. This may explain why there are zones of anomalously low velocities in MONT-2 ( To examine these ideas, synthetic reflection seismograms were calculated from the velocity logs. The reflection coefficient series was calculated from the velocity logs at 30.5-cm intervals using the reflections, which suggests that the reflected energy would be easily distinguishable.
These synthetic seismograms demonstrate qualitatively that velocity changes associated with fracture zones similar to those observed in these wells can produce reflections for energy in a suitable frequency band. Although it is difficult to relate any of the 'events' observed in these synthetics directly to velocity anomalies, due to the problem of interference between adjacent reflections, it is significant that in several of the wells the velocity changes associated with fracture zones in crystalline rock appear From the results in MONT-1 (Figure 12a ) it is clear that although isolated fracture zones result in zones of distinctly lower velocity, the limited vertical extent of the zones compared to the seismic wavelength makes them difficult to detect. Although several fracture zones appear to produce low-amplitude reflections (e.g., at 245,300, and 360 m), the reflections would probably be difficult to resolve at depth in a seismic section. At MONT-2 (Figure 12b) , however, some of the low-velocity zones are of sufficient vertical extent that distinct reflections are seen (e.g., at 100, 140, 240, and 330 m). In the XTLR well (Figure 12c The magnitude of the velocity and its rate of change with depth in granitic rocks in the upper kilometer of the crust is largely controlled by the composition and microscopic properties of the rock. In general, the in situ velocity changes more rapidly with depth than laboratory data predict, which suggests that macrofractures are important in controlling the velocity-depth function.
Low-velocity zones produced by fracturing and its related effects appear to produce coherent reflections on synthetic seismograms, which suggests that crustal reflectors within crystalline rocks might result from fracture systems similar to those encountered in these wells, especially if chemical and mechanical alteration of the matrix is pervasive near macrofractures at depth. Because of the nature of the picking device, changes in the amplitude of the received signal will produce small changes in the observed travel time. The largest this source of error can be is about •A period for each waveform; in general, however, when the amplitude varies enough to cause mispicking by about V8 period, the picker will skip one or more cycles, and the resulting value of At is removed before the analysis is carried out. Also, as the amplitudes of arrivals at the two receivers generally vary in the same manner, the arrival time errors will cancel when the interval travel time is calculated. Assuming that the signal has a fundamental frequency of 15 kHz and that the largest error in arrival time is V8 period, the largest error in At should be 8 p.s. 
